PTF1a is a basic helix-loop-helix (bHLH) transcription factor with multiple, stage-specific roles during pancreatic organogenesis and is critical to the early development that leads to the formation of the endocrine and acinar compartments. Ptf1a expression begins during the evagination of the dorsal and ventral epithelial buds that arise from the posterior of the foregut endoderm and constitute the early murine pancreatic anlagen (10, 14) . It persists during the early period of epithelial growth and morphogenesis that leads to the formation of a branched tubule complex of progenitor cells at mid-pancreatic development. At this time, the epithelium undergoes a transformation that establishes a tissue architecture that produces the islet, acinar, and ductal cell lineages (14, 17) . As development continues, islet precursor cells shed from the tubules in the central regions of the epithelium, coalesce into amorphous endocrine cell clusters, and differentiate. Around the periphery of the epithelium, branching tubules form the small connecting ducts, and acinar cell clusters bud from their termini. The early epithelial growth and morphogenesis are blunted in Ptf1a-deficient embryos, so that the epithelial transformation is precluded and the islets, acini, and smaller peripheral ducts do not form (10, 13, 14) .
During normal development, Ptf1a expression is extinguished in the central region of the precursor tubular epithelium and superinduced in a population of multipotent progenitors forming at the peripheral tips of the epithelium (14, 26) . Subsequently, Ptf1a is inactivated in cells that make a final commitment to the ductal and islet lineages and is maintained at a high level in nascent acinar cells (14) . In the new acinar cells, PTF1a partners with one of the common E proteins (e.g., TCF12) and RBPJ to form a trimeric complex (PTF1-J) that binds and activates the gene encoding a pancreas-restricted RBPJ paralogue, RBPJL (14) . As RBPJL accumulates during acinar cell differentiation, it replaces RBPJ in the complex to form PTF1-L, which binds and activates the acinar cell-specific digestive enzyme genes such as those for amylase (Amy1), chymotrypsin B (Ctrb), carboxypeptidase A (Cpa1), and elastase 1 (Ela1). In mature acinar cells, RBPJL resides with PTF1a on acinar cell-specific promoters, whereas RBPJ does not (4) .
Thus, PTF1a appears to play at least two distinct developmental roles. One is required for the growth and morphogenesis of the early epithelium; without PTF1a, the epithelial foundation required for the secondary developmental transition does not form (10) . The later role is for acinar cell differentiation. Because PTF1a is the crucial transcriptional activator for the production of the acinar secretory enzymes (4, 12, 20) , the superinduction of Ptf1a expression at the onset of acinar cell formation is an important developmental event. The expression of Ptf1a is maintained in mature acinar cells and remains absent in pancreatic endocrine and ductal cells.
The mechanisms that regulate this critical pancreatic tran-scription factor are unknown. In this report, we identify three broad transcriptional regulatory domains of the mouse Ptf1a gene: a 13.4-kb proximal promoter region, a 2.3-kb distal autoregulatory enhancer, and a 12.4-kb 3Ј regulatory domain. The proximal promoter and 3Ј regulatory regions direct only sporadic expression in the embryonic pancreas beginning at middevelopment but drive extensive expression in the dorsal neural tube, another principal site of Ptf1a expression. We show that the distal 5Ј enhancer is sufficient to activate Ptf1a expression early and superinduce it at the onset of acinar cell formation. The early and late activities of the enhancer require autoregulation via a trimeric PTF1 complex. Two binding sites for the three-subunit PTF1 complex are present in the autoregulatory enhancer, and the mutation of the two sites abolishes the activity of the enhancer in transfected acinar cell lines and the induction in forming acinar cells in the embryonic pancreases of transgenic mice.
total chromatin from one adult pancreas) in 900 l of chromatin immunoprecipitation (ChIP) dilution buffer (Upstate, Lake Placid, NY) was incubated with 3 to 5 g of affinity-purified anti-PFT1a, anti-RBPJL, or monoclonal anti-RBPJL for Ն4 h at 4°C and then incubated with blocked protein G-Sepharose beads (Upstate) for Ն1 h at 4°C. Bound chromatin was eluted from the beads, the formaldehyde cross-linking was reversed, and the immunoprecipitated DNA was purified for PCR analysis. The quantification of ChIP enrichment of promoter regions was performed with Sybr green master mix (Applied Biosystems, Foster City, CA) using the ABI Prism 7700 (Applied Biosystems), and quantities were calculated as the amount of the target gene relative to that of the 28S region of the large rRNA gene. Generation of transgenic embryos and mice and detection of transgene expression. To test the activities of the various Ptf1a-flanking sequences in transgenic mice, the fragments were placed 5Ј of a lacZ reporter gene. The promoter region (chr2 positions 19350049 to 19363608) and the region comprising the 5Ј enhancer and the promoter (chr2 positions 19347844 to 19363608) contained the natural promoter and transcriptional start site of the Ptf1a gene, while the 5Ј enhancer (chr2 positions 19347844 to 19350141) and the 3Ј control region (chr2 positions 19365786 to 19378222) were linked to the lacZ reporter gene through the minimal promoter of the rat Ela1 gene. The lacZ reporter for the 5Ј enhancer construct also contained a nuclear localization signal. Each construct was isolated from a recombinant plasmid and microinjected into pronuclei of fertilized eggs by the Transgenic Core Facility of the University of Texas Southwestern, Dallas. Timed embryos were collected between embryonic day 10.5 (E10.5) and E17.5. Whole embryos or dissected embryonic organs, including the pancreas, were prefixed and stained for ␤-galactosidase activity as described previously (7) . Transgenic embryos were identified by PCR with primers specific for the lacZ sequence.
Mouse lines were derived similarly from mouse eggs microinjected with an enhanced green fluorescent protein (EGFP) gene-based transgene containing the 2.3-kb enhancer linked to the minimal beta-globin promoter, the EGFP coding sequence, and the bovine growth hormone gene 3Ј untranslated region. EGFP fluorescence was detected and imaged with a Bio-Rad MRC 1-24 confocal microscope.
Immunolocalization. The immunodetection of CPA1, PTF1a, ␤-galactosidase, and glucagon was performed with 20-m frozen sections of 4% paraformaldehyde-fixed samples or with 10-m frozen sections of 0.2% glutaraldehyde-fixed embryonic tissues. Guinea pig anti-mouse PTF1a (used at 1:2,000) was a gift from Kei Hori (9); anti-CPA1 (1:1,000) was purchased from Chemicon, antiinsulin (1:2,000) and antiglucagon (1:8,000) were obtained from Linco, and anti-␤-galactosidase (1:X000, where X000 is any multiple of a thousand) was purchased from MP Biomedicals. Conventional immunofluorescence photomicroscopy was performed with a Leica DMRXE microscope, and confocal imaging was carried out with a Zeiss LSM-510 Meta microscope.
RESULTS
As an initial step to identify transcriptional regulatory regions, we surveyed the nucleotide sequence of the mouse Ptf1a gene 15 kb upstream and downstream of the transcriptional start site for evolutionarily conserved areas (Fig. 1) . A highly conserved region (the 5Ј enhancer) lies between Ϫ15.6 and Ϫ13.4 kb relative to the transcriptional start site, whereas the rest of the 5Ј-end-proximal flanking region (the promoter region) is relatively unconserved. The Ptf1a coding region is followed by a region of extensive conservation (the 3Ј control region) that begins after the 3Ј untranslated region of the Ptf1a mRNA and continues for 12.4 kb. More than one-third of this 3Ј flanking sequence is highly conserved among species from zebrafish to mice.
To determine whether Ptf1a transcription may be controlled by the PTF1 trimeric complex, we searched the 30 kb of the gene and flanking regions for PTF1 binding sites conserved among vertebrates. Only two conserved PTF1 binding sites were found, and both were in the 5Ј enhancer region (Fig. 1) . Each of these potential binding sites conforms to the known consensus sequence (5, 20) , with an E box and the TC box separated by one helical turn of DNA. In the interaction of the PTF1 complex with DNA, the E protein-PTF1a dimer binds the E box while RBPJ or RBPJL binds the TC box (4, 21) . The 5Ј enhancer together with the promoter region was able to direct the expression of a reporter gene in pancreatic AR4-2J acinar cells but not in nonpancreatic HEK-293 cells ( Fig. 2A) . Despite the absence of discernible PTF1 binding sites, both the promoter region alone and the 3Ј control region also were active in the pancreatic cells but not in the nonpancreatic cells. Thus, all three regions have potential pancreatic transcriptional activity.
To determine whether the PTF1 complex controls the transcriptional activities of the three control regions, 293 cells were transfected with expression plasmids for the PTF1 subunits along with reporter genes linked to the Ptf1a-flanking sequences (Fig. 2B) . The 5Ј enhancer region together with the promoter region was activated 2.5-fold by the ectopic expression of PTF1a. The addition of the other components of the complex (HEB, RBPJ, and RBPJL) did not increase the activity further, likely due to the presence of endogenous RBPJ and E proteins in 293 cells (data not shown). The promoter and 3Ј control regions, however, were unresponsive to the PTF1 subunits.
The 5Ј enhancer alone induced the expression of a reporter gene with a minimal promoter in the AR4-2J and 266-6 pancreatic acinar cell lines but not in 293 cells (Fig. 2C) . To determine whether this activity depended on the presence of the two PTF1 binding sites, the TC box of each site was inactivated by three contiguous base changes (Fig. 1 ). For each of the sites, the mutation of the TC box blocked the binding of the PTF1 complex in EMSAs (Fig. 3A, lane 15) . Nearly all of the enhancer activity in transfected acinar cells was lost when the proximal site was altered, about two-thirds of the activity was lost when the distal site was altered, and the activity was reduced to background levels when both sites were altered (Fig.  2C) . In a similar fashion, the mutation of the E box associated with each TC box eliminated PTF1 complex binding in EMSAs (data not shown) and transcriptional activity in both acinar cell lines (Fig. 2C ). In this transfection assay, therefore, both the bHLH binding and the RBPJ binding parts of the bipartite PTF1 sites were required for complete enhancer activity.
To confirm that the 5Ј enhancer is activated by the binding of PTF1 to the conserved PTF1 binding sites, reporter genes directed by either the 5Ј enhancer or the 5Ј enhancer with both TC boxes mutated were introduced into 293 cells, along with expression plasmids for the PTF1 subunits (Fig. 2D) . The activity of the enhancer was dependent on the coexpression of PTF1a and the presence of an intact TC box. This requirement for a TC box also confirms that PTF1a is acting as part of a complete trimeric complex of HEB-PTF1a-RBPJ or HEBPTF1a-RBPJL, because an HEB-PTF1a dimer can bind to an E box in the absence of a TC box but this heterodimer is transcriptionally ineffective (4) .
Trimeric PTF1 complexes formed with in vitro-synthesized subunits can bind to oligonucleotides matching the sequence of either the proximal or distal PTF1 binding site of the 5Ј enhancer (Fig. 3A) . The subunit compositions of the complexes were confirmed by the ability of antibodies against PTF1a, RBPJ, or RBPJL to supershift the EMSA on February 28, 2013 by PENN STATE UNIV http://mcb.asm.org/ bands. For both the HEB-PTF1a-RBPJ and HEB-PTF1a-RBPJL complexes, the in vitro-synthesized proteins bound the proximal binding site slightly more effectively than the distal binding site (Fig. 3A , compare lanes 3 and 7). When nuclear extract from adult mouse pancreas tissue was incubated with either the proximal or distal PTF1 site, a trimeric PTF1 complex also formed (Fig. 3A, lane 11) . The results of antibody supershifts showed that for both sites, most if not all of the complex contained RBPJL (Fig. 3A , compare lanes 13 and 14), even though RBPJ was also present in the nuclear extract (Fig. 3A , lane 11, band 1) (4). Therefore, in adult pancreatic acini, the predominant form of PTF1 capable of binding the PTF1 sites in the enhancer contains RBPJL rather than RBPJ.
To determine whether both sites are bound by the PTF1 complex in acinar nuclei, we performed ChIP of cross-linked, sheared chromatin from adult mouse pancreas tissue with antibodies specific for PTF1a, RBPJL, and RBPJ (Fig. 3B) . The region containing the proximal PTF1 site was enriched 6.2-and 3.2-fold in chromatin immunoprecipitated with anti-PTF1a and anti-RBPJL, respectively. No enrichment was seen with anti-RBPJ, which is consistent with the results for PTF1 sites in genes for several pancreatic enzymes that also are bound by the RBPJL form exclusively (4). The distal PTF1 site of the 5Ј enhancer was enriched only slightly with antibodies to PTF1a and not enriched with antibodies specific for either RBPJ or RBPJL. Thus, the distal site is less important than the proximal site for activity in transfected acinar cells (Fig. 2C) , binds the PTF1 complex to a lesser extent than the proximal site does (Fig. 3A) , and is not occupied by a complete complex in vivo.
FIG. 2. The 5Ј enhancer, the promoter region, and the 3Ј control region are active in pancreatic acinar cell lines, but only the 5Ј enhancer is responsive to PTF1. (A) The 5Ј enhancer together with the promoter region, the promoter region alone, or the 3Ј control region was linked to a minimal promoter (mp) and a luciferase (Luc) reporter gene (see Materials and Methods), and AR4-2J pancreatic acinar cells or 293 nonpancreatic cells were transfected with the constructs. (B) To determine which regions were responsive to the PTF1 complex, 293 cells were cotransfected with the same constructs and expression plasmids for the three components of the PTF1 complex. ϩ, present. (C) To test whether the activity of the enhancer required the PTF1 binding sites, AR4-2J and 266-6 acinar cells and 293 nonacinar cells were transfected with the 5Ј enhancer linked to a minimal promoter driving luciferase expression or with the same construct bearing mutations in the proximal, the distal, or both PTF1 binding sites. (D) To verify that the PTF1 complex acted through the known PTF1 binding sites, 293 cells were cotransfected with the 5Ј enhancer construct or the 5Ј enhancer construct with both TC boxes mutated and plasmids expressing components of the PTF1 trimer. Transfections were normalized according to the expression levels of a pCMV␤ plasmid with which the cells were cotransfected. Error bars represent standard deviations.
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on February 28, 2013 by PENN STATE UNIV http://mcb.asm.org/ lacZ reporter transgenes were created with the 5Ј enhancer, the promoter region, and the 3Ј control region to examine the role of each region during pancreatic development. Founder embryos were collected at 17.5 days postcoitum (E17.5) and stained for ␤-galactosidase activity. When the transgene comprised the 5Ј enhancer plus the promoter region, ␤-galactosidase was detectable in most pancreatic acinar cells of nearly all transgenic embryos (10 of 12) (Fig. 4A) . The ␤-galactosidase activity was restricted to the acinar cells (Fig. 5) , where PTF1a is normally present at this stage, and a few scattered islet cells. The promoter region alone also directed acinar cell-specific expression, but only in about one-third of transgenic embryos and then only in a small minority of acinar cells (Fig. 4B) . The 5Ј enhancer was sufficient to direct acinar cell-specific ␤-galactosidase activity, although with lower penetrance (10 of 22 embryos) and fewer positive pancreatic cells than were obtained with the 5Ј enhancer in combination with the promoter region (Fig. 4C) . The dependence of the activity of the 5Ј enhancer on the PTF1 binding sites was confirmed when mutations of both TC boxes were introduced into the transgene. None of the 24 transgenic embryos bearing the 5Ј enhancer with TC box mutations had detectable ␤-galactosidase in the pancreas (Fig. 4D) . The 3Ј control region also directed pancreatic expression, but in very few and widely scattered cells (Fig. 4E) .
None of the lacZ-based transgenes with Ptf1a-flanking regions were active in early pancreatic development, prior to the appearance of acinar cells (Fig. 5D to G) . At E10.5, the transgenes directed by the 5Ј enhancer and the promoter region, the promoter region alone, the 5Ј enhancer alone, or the 3Ј control region failed to be expressed in the pancreas, although each was active in the spinal cord, a known site of Ptf1a expression (6). The endogenous Ptf1a locus is active in both the pancreas and the spinal cord at this developmental stage (Fig. 5H) .
Expression of the transgenic ␤-galactosidase reporter was first detected in a few scattered cells at E13.5 ( Fig. 6A and Table 1 ) and in many more cells, often in distinct acinar rosettes, by E14.5 (Fig. 6B) . As development progresses, a greater fraction of transgenic embryos and acinar cells activate the enhancer. Cells detected by immunofluorescence analysis for ␤-galactosidase (Fig. 6C) were also positive for PTF1a (Fig.  6D) . Many of the ␤-galactosidase-containing cells at E13.5 also had the early acinar marker CPA1 (Fig. 6E) . At E14.5, emerging acinar cells were much more prominent and most ␤-galactosidase-positive cells were associated with CPA1-positive acini (Fig. 6B, inset) . Like PTF1a, transgenic ␤-galactosidase was excluded from the glucagon-containing cells, which are the prevalent endocrine cells at this developmental stage (see, e.g., Fig. 6F) , and from the insulin-containing cells (data not shown). These results indicate that the 5Ј enhancer is active in cells beginning the acinar developmental program.
To investigate more thoroughly the activity of the enhancer during early development, we examined the expression of the 5Ј enhancer driving an EGFP reporter in embryos of two independently derived transgenic lines (rather than founder embryos). In contrast to the lacZ reporter construct in founder embryos prior to E13.5, which lacked detectable expression, this construct was active at E10.5 ( Fig. 7A and B) and E12.5 (Fig. 7E) , prior to the emergence of acinar cells during the secondary transition. At E10.5, EGFP fluorescence was present in the epithelial cells of the ventral and dorsal buds. At E12.5, the activity of the enhancer increased around the pe- (Fig. 7E ), in accordance with the accumulation of PTF1a protein in these proacinar crescents. At E14.5, enhancer activity was localized exclusively to PTF1a ϩ proacinar cells (Fig. 7F) . Nonepithelial cells and the epithelial cells of nontransgenic embryos had no fluorescence over the background level. Expression levels in the precursor epithelium at E10.5 and E12.5 were much lower than those in nascent acinar cells at E14.5 (Fig. 7G) , which may explain the absence of detectable activity of the lacZ-based enhancer transgene. In contrast to the construct comprising the 5Ј enhancer and the green fluorescent protein reporter gene, which was active at E10.5, the 3Ј control region with a fluorescent protein reporter gene was inactive at this stage in three transgenic lines, although fluorescence was intense in the neural tube and later in sparse cells of the E13.5 pancreas (data not shown).
The expression patterns for the transgenic enhancer-EGFP gene construct and the endogenous PTF1a detected by immunofluorescence were not congruent: the relative intensities of EGFP and anti-PTF1a fluorescence did not coincide for many of the expressing cells. Although the majority of the epithelial cells expressed both, there were cells with a high level of one but little or none of the other (Fig. 6B and C) . The discrepancies may be due to the absence of control sequences outside the 2.3-kb enhancer fragment. As observed for the expression of the endogenous Ptf1a locus, our results show that the 5Ј enhancer is active in the early pancreatic epithelium, albeit at low levels, and then superinduced in cells committed to the acinar fate.
To determine whether the activity of the 5Ј enhancer in the precursor epithelium requires the early trimeric PTF1-J complex, we examined the expression of the EGFP gene-based enhancer transgene in homozygous Ptf1a(W298A) embryos. The tryptophan-to-alanine substitution at position 298 eliminates the early developmental functions of PTF1a (14) because the altered PTF1a cannot bind and recruit RBPJ into the trimeric complex effectively (4) . The effects of the W298A mutation on pancreatic development are identical to those of the Ptf1a null mutation (14) : the pancreatic evaginations of the endoderm initiate, but the subsequent early growth and morphogenesis of the epithelium are curtailed beginning at about E10.5, and the secondary transition with its formation of islet and acinar tissues does not occur. At E10.5, the 5Ј enhancer was inactive in the pancreatic epithelia of homozygous Ptf1a(W298A) embryos (Fig. 7I) , even though the endogenous Ptf1a(W298A) locus was active and the W298A protein was present (Fig. 7H) . Therefore, because this early activity of the enhancer requires the interaction between PTF1a and RBPJ, it must be due to autoregulation. Because the initial induction of Ptf1a gene transcription cannot depend on preexisting PTF1a protein, the autoregulation of the enhancer must represent a maintenance function that follows an initial activation event. Furthermore, because the endogenous locus is active at E10.5 in Ptf1a(W298A) pancreas tissue, but the isolated enhancer is not, critical regulatory information for this initial activation of FIG. 4 . PTF1 sites in the Ptf1a promoter augment transcription in developing acinar cells. Ptf1a regions were ligated upstream of a lacZ reporter and introduced into fertilized mouse eggs. Embryos derived from the implanted oocytes were sacrificed at E17.5 and stained for ␤-galactosidase (␤gal) activity; embryos bearing transgenes were identified by PCR genotyping. A diagram of each transgene is at the top, a photograph shows representative staining, and the bar graph summarizes the results of pancreas staining for all transgenic animals examined for each transgene. dp, dorsal pancreas; v, ventral pancreas; d, duodenum; sp, spleen; st, stomach.
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Ptf1a transcription must reside outside the 2.3-kb enhancer fragment.
DISCUSSION
PTF1a is a critical regulator with multiple, temporally distinct functions for pancreatic organogenesis: early functions for growth and morphogenesis (10, 14) , functions at middevelopment for the acinar developmental program, and functions thereafter for the maintenance of the acinar cell phenotype (1, 12) . To understand better the complex control of Ptf1a during pancreatic development, we identified and analyzed the geneassociated regulatory sequences for pancreatic transcription. With this report, we show that the proximal 13.4-kb 5Ј and 12.5-kb 3Ј regions of the Ptf1a gene contain little information FIG. 5 . Regions of the Ptf1a 5Ј flanking sequence direct acinar cell-specific expression at E17.5 but no pancreatic expression at E10.5. (A to C) Transgenic embryos at E17.5 were fixed and stained to detect ␤-galactosidase (Fig. 4) , embedded in paraffin, and sectioned. The staining of sections carrying the transgene comprising the 5Ј enhancer and the promoter (A), the promoter region alone (B), and the 5Ј enhancer alone (C) is shown. For the construct with the 5Ј enhancer plus the promoter and for the promoter region alone (A and B) , the ␤-galactosidase was cytoplasmic. For the 5Ј enhancer (C), the ␤-galactosidase reporter gene contained a nuclear localization signal. The arrowhead (B) points to ␤-galactosidase-positive cells in an acinus of an animal with the promoter region transgene. Sections in all three panels were stained with hematoxylin; that in the lower panel was also stained with eosin. The bar represents 50 m and applies to all three panels. a, acinus; e, endocrine cell clusters (preislets). (D to H) The same Ptf1a transgenes diagrammed in Fig. 4 were introduced into fertilized mouse oocytes. Embryos were sacrificed at E10.5 and stained for ␤-galactosidase activity. The staining of sections carrying the transgene comprising the 5Ј enhancer and the promoter (D), the promoter region alone (E), the 5Ј enhancer alone (F), and the 3Ј control region (G) is shown. (H) Expression of the endogenous Ptf1a locus monitored by ␤-galactosidase staining of a Cre-activated Rosa26R conditional lacZ reporter in a Ptf1a cre/ϩ heterozygous embryo. Arrows point to the position of the pancreas (stained only in the Ptf1a cre/ϩ control embryo); arrowheads point to the neural tube. The numbers along the side indicate the number of transgenic embryos examined for each construct (D to G), all without pancreatic expression. for pancreas-restricted transcription. The principal control region for pancreatic transcription is within 2.3 kb located 15.6 to 13.4 kb upstream of the transcriptional start site. Because this control region has, minimally, the ability to act adjacent to or at a distance from either its cognate or a heterologous promoter, it has the properties of an enhancer. This 5Ј enhancer contains two bipartite binding sites for a trimeric PTF1 bHLH complex. The detrimental effects in vivo of mutating these binding sites and the detection of PTF1a at the gene-proximal site show that PTF1a maintains the transcription of its own gene. Autoregulation of Ptf1a transcription. The active form of PTF1a in the mature pancreas is a three-subunit complex of PTF1a, a common E protein such as TCF12/HEB, and RBPJL. RBPJL is restricted to the pancreas, intestine, lung, and parts of the brain (4, 16) (www.brain-map.org) but localizes with PTF1a only in pancreatic acinar cells. The RBPJL form of the PTF1 complex resides on the promoters of the pancreatic secretory digestive enzyme genes and is responsible for the acinar cell-specific activity of most (if not all) of these genes (4, 5) . The transcription of Rbpjl in acinar cells is also controlled by the RBPJL form of the PTF1 complex (14) . The Rbpjl promoter contains a bipartite PTF1 binding site occupied by PTF1-L in adult acinar nuclei and critical for the acinar activity of the promoter. Thus, the two pancreas-restricted subunits of the PTF1 complex are coordinately autoregulated by the complex (Fig. 8) .
Feedback loops with autoregulation are common motifs in transcription factor networks that control the development and maintain the stability of complex biological systems (24, 25) . The transcriptional activation of Ptf1a and Rbpjl by a shared DNA binding complex containing each of their products (Fig. 8) is a variation of a two-node positive feedback loop with autoregulation of each node (see, e.g., reference 2). Such a positive feedback loop of two transcription factors at the top of a regulatory network can lock a cell fate decision by irreversibly activating a developmental program. In differentiated cells, this simple regulatory motif acts as molecular memory to maintain the mature phenotype of a particular cellular lineage.
In this instance with Ptf1a and Rbpjl, an obligatory complex (PTF1-L) between the two transcription factors mediates the feedback activation of both nodes. PTF1-L is composed of a heterodimer of PTF1a and an E protein, which interact through their bHLH domains and bind an E box DNA motif, and a third subunit (RBPJL) that is recruited to the complex through a C-terminal portion of PTF1a and binds a typical RBP (RBPJ or RBPJL) DNA recognition sequence (a TC-rich box). Two unusual attributes of the trimeric complex restrict the action of PTF1a and RBPJL to a highly selective subset of E boxes and RBP binding sites (4). a dpc, days postcoitum. b Staining for ␤-galactosidase activity in the neural tube (central nervous system ͓CNS͔), which is a site of strong endogenous Ptf1a expression, is an indicator that the transgene can be activated in an appropriate developmental context at each of these stages. See also Fig. 5 . 
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on February 28, 2013 by PENN STATE UNIV http://mcb.asm.org/ First, specific DNA binding by the trimeric complex is highly concerted and much more selective than the simple sum of the binding of the individual components. Thus, even though the PTF1a-E protein heterodimer can bind an isolated E box and RBPJL can bind an isolated TC box, DNA binding by the trimeric complex requires both DNA boxes and their proper spacing. By using a consensus binding sequence with permissible variations derived from a compilation of known DNA binding sites for PTF1, potential binding sites can be calculated to occur randomly only once approximately every 15 kb.
Second, without an RBP subunit, PTF1a-E protein heterodimers have little (if any) activity on their own; thus, mutations in the PTF1a C-terminal domain that prevent the recruitment of an RBP into the complex drastically diminish transcriptional activity in cell transfection experiments (4) and disrupt pancreatic development for both mice and humans (14, 22) . For Ptf1a and Rbpjl, the binding of the complete trimeric complex is critical to their acinar transcription; alterations of the bipartite PTF1 binding sites in the Ptf1a enhancer and the Rbpjl promoter that permit the binding of the bHLH heterodimer but not the trimer nonetheless abolish the activities of the enhancer (Fig. 4D ) and the promoter (14) . Due to the high-level binding selectivity of the trimeric complex and the apparent inactivity of the bHLH heterodimer, the feedback activation loops, as well as the control of downstream effectors of acinar development and maintenance, are highly discriminating. The strong cooperative action of PTF1-L may be the basis of the secure phenotype of pancreatic acinar cells. It will be interesting to test whether perturbations of the stability of the complex affect the phenotype of the mature acinar cell or the known transdifferentiation relationships between pancreatic acinar cells and ductal cells (3, 15) and pancreatic acinar cells and hepatocytes (18, 19, 23) . FIG. 8 . Autoregulatory functions during pancreatic development. During early growth and morphogenesis, Ptf1a transcription in the nascent epithelial buds at E9 is initiated by unknown factors (I) that bind outside the 5Ј enhancer. Once PTF1a is produced, it forms a complex with a common E protein (generally HEB/TCF12) and RBPJ, which binds the 5Ј enhancer to autoactivate Ptf1a transcription upon the disappearance of the inducing factors. It is this form of the PTF1 complex (PTF1-J) that is required for the early growth and morphogenesis of the pancreatic epithelium (14) . During the secondary transition, in conjunction with the 5Ј enhancer, Ptf1a is superinduced in cells beginning the acinar developmental program either by the activation of unknown activators (?) or the loss of repressors. Upon the increase in PTF1a, the transcription of Rbpjl is induced by the PTF1-J complex (14) . RBPJL replaces RBPJ in the PTF1 complex, which binds and maintains the activities of the Ptf1a enhancer and the Rbpjl promoter. During acinar differentiation and maintenance, the accumulation of the RBPJL form of the PTF1 complex drives the transcription of downstream regulators of acinar development, as well as the genes encoding the secretory digestive enzymes characteristic of the differentiated acinar phenotype. In mature acinar cells, dual autoregulatory loops (thick arrows) maintain the transcription of Ptf1a and Rbpjl via PTF1-L. PTF1-L continues driving the transcription of the digestive enzyme genes (4), as well as downstream regulatory genes, for the faithful maintenance of the acinar phenotype.
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